A 761-bp portion of the tuf gene (encoding the elongation factor Tu) from 28 clinically relevant streptococcal species was obtained by sequencing amplicons generated using broad-range PCR primers. These tuf sequences were used to select Streptococcus-specific PCR primers and to perform phylogenetic analysis. The specificity of the PCR assay was verified using 102 different bacterial species, including the 28 streptococcal species. Genomic DNA purified from all streptococcal species was efficiently detected, whereas there was no amplification with DNA from 72 of the 74 nonstreptococcal bacterial species tested. There was cross-amplification with DNAs from Enterococcus durans and Lactococcus lactis. However, the 15 to 31% nucleotide sequence divergence in the 761-bp tuf portion of these two species compared to any streptococcal tuf sequence provides ample sequence divergence to allow the development of internal probes specific to streptococci. The Streptococcus-specific assay was highly sensitive for all 28 streptococcal species tested (i.e., detection limit of 1 to 10 genome copies per PCR). The tuf sequence data was also used to perform extensive phylogenetic analysis, which was generally in agreement with phylogeny determined on the basis of 16S rRNA gene data. However, the tuf gene provided a better discrimination at the streptococcal species level that should be particularly useful for the identification of very closely related species. In conclusion, tuf appears more suitable than the 16S ribosomal RNA gene for the development of diagnostic assays for the detection and identification of streptococcal species because of its higher level of species-specific genetic divergence.
Streptococci are a heterogeneous group of bacteria, consisting of as many as 48 species, including important human pathogens such as Streptococcus pneumoniae, S. pyogenes, and S. agalactiae (13, 39) . S. pneumoniae is considered a common agent of community-acquired pneumonia, otitis media, and endocarditis. S. pyogenes causes a wide array of serious infections, including pharyngitis, soft-tissue infections, scarlet fever, and toxic shock-like syndromes. S. agalactiae is an important cause of serious neonatal infections characterized by sepsis and meningitis. Most other streptococci are members of the normal human floras (39) . Their presence in aseptic body sites often indicates subacute bacterial endocarditis.
Current systems for identification of clinically relevant streptococcal species largely depend on an array of culture-based biochemical tests (12) . Some simple and rapid presumptive physiological tests or serological tests are available (12, 15, 39) . The most clinically significant pathogens among streptococci can be rapidly identified using phenotypic and immunological tests. However, additional phenotypic tests may be required to confirm identification at the species level. In fact, identification of streptococci to the species level may require up to 7 days because these bacteria grow slowly and because identification may rely on a cumbersome classification system that does not always correlate with phylogenetic analysis (13, 22, 46) .
Many DNA-based methods have been applied for the identification and detection of clinically important streptococcal species. Hybridization-based assays for the specific detection of S. pneumoniae (8, 14) , S. pyogenes (19, 37) , S. agalactiae (3) , and S. bovis (47) have been developed. However, these probebased tests are prone to a lack of sensitivity. Consequently, a number of PCR-based approaches having increased analytical sensitivities and allowing detection of streptococci directly from clinical specimens have been developed (1, 6, 10, 17, 21, 25, 34, 35) . However, there is no published study on the development of a Streptococcus-specific PCR assay. The use of genus-or group-specific PCR assays coupled with species-specific internal probes should allow researchers to substantially decrease the number of primers used for bacterial identification, thereby simplifying the development of molecular assays for bacteria (2) .
Phylogenetic analyses of streptococci conducted using several conserved genes, including those coding for 16S rRNA, heat shock proteins, glucose pyrophosphorylase, and superoxide dismutase, have been reported (4, 13, 23, 33, 43) . All of these phylogenetic studies demonstrated the usefulness of genetic approaches to improve the accuracy of streptococcal species identification.
Genus-specific PCR-based assays, targeting the tuf gene encoding elongation factor Tu, for the specific detection of en-terococci (26) and staphylococci (31) have been previously described by our group. Similarly, newly generated tuf streptococcal sequences were used in the present study for PCR detection and extensive phylogenetic analysis of streptococci.
MATERIALS AND METHODS

Microorganisms.
Reference strains representing 58 gram-positive species (including 28 streptococcal species) and 44 gram-negative species were used in this study ( Table 1 ). All of these strains were obtained from the American Type Culture Collection (Manassas, Va.) or from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany). Clinical isolates of streptococci (n ϭ 153) obtained from the microbiology laboratory of the Centre Hospitalier Universitaire de Québec (CHUQ), Pavillon CHUL (Sainte-Foy, Québec, Canada), were also used ( Table 2) . The identification of all streptococcal strains was confirmed by conventional biochemical and/or immunological testing.
DNA sequencing. Purified genomic DNA was prepared using a G NOME DNA extraction kit (Qbiogene Inc., Carlsbad, Calif.) (26) . An 865-bp portion of tuf was amplified from 28 selected streptococcal species as previously described (31) . Direct sequencing of these 865-bp amplicons provided edited 761-bp tuf sequences for all species. When required, a 1,471-bp portion of the 16S rRNA genes was amplified using universal primers (30) . Direct sequencing of these 16S ribosomal RNA gene (rDNA) amplicons allowed verification of the accuracy of public database sequences and/or confirmation of the identification of streptococcal species. After electrophoresis, the gel was stained with methylene blue and PCR products having the predicted size were recovered using a QIAquick gel extraction kit (Qiagen Inc., Mississauga, Ontario, Canada) (31) . The purified PCR products were then sequenced using a BigDye Ready Reaction cycle sequencing kit with a 377 sequencer (Applied Biosystems, Foster City, Calif.). To exclude the possibility of sequencing errors attributable to misincorporations by Taq DNA polymerase, each strand was sequenced twice using PCR products obtained from two independent rounds of PCR. Oligonucleotides. The partial tuf gene sequences obtained in this study as well as those available from public databases were analyzed using GCG Wisconsin software (version 10.3; Accelrys Inc., San Diego, Calif.). PCR primers were analyzed using Oligo primer analysis software (version 5.0; Molecular Biology Insights, Cascade, Col.). Oligonucleotides were synthesized with a model 394 DNA/RNA synthesizer (Applied Biosystems).
Streptococcus-specific PCR. For all bacterial species tested, PCR amplifications using the Streptococcus-specific primers were performed from 1 l of a genomic DNA preparation at 1 ng/l which was transferred directly to a 19-l PCR mixture containing 50 mM KCl, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100, 2. . Thermal cycling for PCR amplification and agarose gel analysis of the amplified products were performed as previously described (32) . The analytical sensitivity (i.e., the minimal number of genome copies detected per PCR) of the PCR assay was determined using serial twofold dilutions of quantitated genomic DNA purified from bacterial strains representing 28 streptococcal species (Table 1) . Strict precautions to prevent carry-over of amplified DNA were used (28) . Pre-and post-PCR manipulations were conducted in separate areas. Aerosol-resistant pipette tips were used to handle all reagents and samples. Control reactions to which no DNA was added were routinely performed to verify the absence of DNA carry-over.
Phylogenetic analysis. Multiple sequence alignments were performed using PILEUP (GCG Wisconsin package, version 10.3) and/or CLUSTAL W software (version 1.83) (44) and checked manually with a GCG SeqLab editor to verify the quality of the alignments. The SeqLab editor was also used to identify regions containing gaps, indels, or ambiguities to be excluded for phylogenetic analysis. This edition process yielded a 761-bp tuf sequence suitable for phylogenetic analysis and a 1,260-bp sequence for 16S rDNA analysis. Distance phylogenetic trees were generated using a neighbor-joining or heuristic method with MEGA2 software (version 2.1) (27) . Evolutionary distance values were calculated by using Kimura's two-parameter substitution model (18) . Bootstrap values were obtained for 1,000 randomly generated trees. This number of replicates was sufficient to produce stable tree topologies. Maximum parsimony analyses were performed using the heuristic method of PAUP software (version 4.0b10; Sinauer Associates Inc., Sunderland, Mass.) with general search parameters (41) . A sequence of Enterococcus faecalis V583 was used as an outgroup, because this species is phylogenetically close to streptococci.
Nucleotide sequence accession numbers. GenBank accession numbers for the
RESULTS
Sequencing of the streptococcal tuf gene. We amplified and sequenced a portion of the tuf gene for all 28 streptococcal species tested using universal primers developed previously (31) . The edited 761-bp tuf sequence was highly conserved among streptococci (86.1 to 99.1% identity at the nucleotide level) (Table 3 ). There were three pairs of streptococcal species having more than 98.0% identity (S. Nucleotide sequence analysis revealed that streptococcal tuf genes are generally more variable than those coding for 16S rRNA. Sequence identities among the 28 different streptococcal species determined for the 761-bp portion of tuf ranged from 86.1 to 99.1% (Table 3) . On the other hand, a comparative nucleotide sequence analysis of a 1,260-bp portion of the 16S rRNA genes for these same 28 streptococcal species revealed a higher level of sequence identities (89.4 to 99.8%). More specifically, interspecies sequence identities within the three streptococcal groups consisting of the most closely related species were as follows: (i) mitis group (including S. mitis, S. gordonii, S. pneumoniae, S. oralis, S. sanguinis, S. parasanguinis, and S. cristatus), 93.3 to 98.7% for tuf and 97.1 to 99.7% for 16S rDNA; (ii) anginosus group (including S. anginosus, S. constellatus, and S. intermedius), 97.2 to 98.0% for tuf and 96.3 to 99.8% for 16S rDNA; and (iii) pyogenes group (including S. pyogenes, S. agalactiae, S. dysgalactiae, S. equi, S. uberis, and S. parauberis), 90.3 to 98.6% for tuf and 94.5 to 97.1% for 16S rDNA. Therefore, tuf sequences of streptococci generally offer more discrimination power than 16S rDNA sequences and should allow identification at the species level of even the most closely related streptococcal species.
A multiple alignment of the tuf sequences from streptococcal species as well as those from staphylococci, enterococci, and lactococci revealed regions conserved among streptococci but distinct from those of other bacteria. The regions for which Phylogenetic tree based on a 1,260-bp portion of 16S rDNA. The trees were generated using the MEGA2 heuristic method, and evolutionary distance values were calculated by Kimura's two-parameter substitution model. The value on each branch represents the percentage of bootstrap replications supporting the branch. A total of 1,000 bootstrap replications were calculated. Bootstrap values lower than 50% are not shown. GenBank accession numbers are given in parentheses. The tuf and 16S rDNA portions correspond to nucleotide positions 340 to 1,100 of the complete tuf gene of S. pneumoniae R6 (AE008504) and 93 to 1,382 of the complete 16S rRNA gene of S. pneumoniae R6 (AE008546). All sequences used for these phylogenetic analysis were obtained either from this study or from the following sources: GenBank (http://www.ncbi.nlm.nih.gov) (A), TIGR ongoing genome projects (http://www.tigr.org) (B), Sanger ongoing genome projects (http://www.sanger.ac.uk) (C), and our group (for previously determined sequences) (24) (D); sequences from these four sources are indicated with A, B, C, and D, respectively. the two Streptococcus-specific primers. Comparisons of these 153-bp sequences obtained for the 28 streptococcal species tested revealed sequence identities ranging from 79.7 to 100% (Table 3) . For these sequences, there were two pairs of streptococcal species showing more than 98% identity (S. mitis versus S. pneumoniae [ 
98.7%] and S. pyogenes versus S. dysgalactiae [100%]).
The tuf sequences either determined in our laboratory or available in public databases for different strains of the same streptococcal species allowed the analysis of intraspecies sequence variations. As shown in Fig. 1 , the species for which two or more strains have been sequenced are S. pneumoniae (n ϭ 8), S. agalactiae (n ϭ 7), S. pyogenes (n ϭ 6), S. gordonii (n ϭ 3), S. dysgalactiae (n ϭ 3), S. mitis (n ϭ 2), S. oralis (n ϭ 2), S. bovis (n ϭ 2), S. mutans (n ϭ 2), and S. uberis (n ϭ 2). We compared the region corresponding to the 153-bp sequence for all of these available sequences and found that the level of intraspecies sequence variation ranged from 0 to 2.6%, depending on the species. More specifically, intraspecies variations were (i) 0% for S. agalactiae, S. dysgalactiae, S. mutans, and S. uberis, (ii) 0 to 0.7% for S. pneumoniae, (iii) 0.7% for S. mitis, (iv) 0 to 1.3% for S. pyogenes, (v) 0.7 to 2.6% for S. gordonii, (vi) 2% for S. oralis, and (vii) 2.6% for S. bovis.
Streptococcus-specific PCR assay. The PCR assay using primers Str1 and Str2 amplified efficiently genomic DNA from all 28 streptococcal species tested. The detection limits ranged from 1 to 10 genome copies per PCR. The specificity of the PCR assay was verified by performing 40-cycle PCR amplifications using a battery of gram-negative (44 species from 23 genera) and gram-positive (58 species from 10 genera) bacte- (Table 3) . This relatively high level of sequence divergence between lactococci, enterococci, and streptococci suggests that it should be easy to develop genus-specific and species-specific internal probes for streptococci. Finally, testing DNAs from a collection of 153 streptococcal isolates from the microbiology laboratory of the CHUQ (Pavillon CHUL) showed a uniform amplification signal for all clinical strains except for one S. bovis strain which was not detected ( Table 2 ). Phenotypic identification confirmed that the nondetectable S. bovis strain was of biotype II, which is more genetically heterogeneous than the other S. bovis biotypes (13, 43, 45) . Phylogenetic analysis. The entire Streptococcus group is monophyletic as determined on the basis of tuf and 16S rDNA phylogenies and forms a phylum distinct from L. lactis (Fig. 1) . tuf-based phylogenetic relationships between the 28 streptococcal species revealed clusters that are generally in agreement with those observed with 16S rDNA phylogeny ( Fig. 1 and Table 4). Incidentally, the 16S rDNA tree, which we constructed mostly using available database sequences for the species selected for the present study, was similar in terms of branching to the 16S rDNA tree recently reported by Facklam (13) for 55 streptococcal species. Comparison of tuf and 16S rDNA phylogenetic trees revealed a different ancestor for the pyogenes group (Fig. 1) . As determined on the basis of tuf phylogeny, that streptococcal group is linked with the mitis and salivarius groups whereas 16S rDNA results show that the pyogenes group branches separately from the other streptococcal groups. For the other major deep branches, the bootstrap values were too low with both tuf-and 16S rDNA-based phylogenetic trees to permit reliable interpretations (Fig. 1) . Phylogenetic analysis of available database sequences for sodA, groEL, atpD (data not shown), and rnpB (42) showed a similar lack of resolution for basal branches of the streptococcal tree. However, branches between closely related taxa are well supported and can be used to establish their grouping ( Fig. 1 and Table 4).
There were some streptococcal species branching differently or forming different cluster groups in the tuf-based trees compared to those derived from 16S rDNA ( Fig. 1 and Table 4 ). These species include S. dysgalactiae, S. suis, S. ferus, S. criceti, S. mutans, S. ratti, S. mitis, S. sanguinis, and S. uberis. Phylogenetic analyses using either tuf or 16S rRNA genes also revealed that three important streptococcal phenotypic groups (i.e., mitis, pyogenes, and mutans) are each composed of up to five phylogenetic clusters. On the other hand, the streptococcal groups anginosus and salivarius were found to be monophyletic on the basis of these two phylogenetic analyses (Table 4) .
Distance analysis using neighbor-joining or the MEGA2 heuristic method produced similar trees except for minor differences present in the topology of the basal branches for which bootstrap support is weak. Distance and parsimony phylogenetic analysis of tuf yielded trees showing similar endbranching structures (data not shown). However, many basal branches are still poorly resolved.
DISCUSSION
In previous studies, the usefulness of tuf sequences for the identification of enterococci (26) and staphylococci (31) was demonstrated. In the present study, we used broad-range PCR primers to amplify and sequence a portion of tuf genes from 28 clinically relevant streptococcal species. Determination of regions conserved in streptococci but distinct in other bacteria allowed the development of a Streptococcus-specific PCR assay. Sequence analysis of the streptococcal amplicons revealed interspecies variations that are promising for the development of species-specific internal probes for identification of streptococci.
The use of genus-or group-specific PCR assays can substantially decrease the number of primers used for bacterial identification. Indeed, identification of the most frequently encountered species at the genus level is often sufficient to permit selection of an appropriately targeted antibiotic (2) . Furthermore, the use of post-PCR hybridization with species-specific internal probes bound onto a solid support (e.g., oligonucleotide arrays) would allow identification at the species level. Fluorescent probes (e.g., TaqMan probes) may also be used for the development of species-specific real-time PCR assays for clinically important streptococci. We chose the tuf gene as a genetic target to develop a PCR-based assay for the detection of streptococci, because it has both conserved and variable regions suitable for the design of genus-and species-specific probes, respectively (26, 31) . Our assay efficiently detected all 28 streptococcal species tested, with an analytical sensitivity of 1 to 10 genome copies per PCR. It also detected DNA purified from two phylogenetically closely related species (i.e., E. durans and L. lactis). However, the 15-to-31% nucleotide sequence divergence in the tuf gene of these two species compared to corresponding sequences for the 28 streptococcal species provides much flexibility for the development of internal probes specific to streptococci.
Based on 16S rDNA sequence analysis, the genus Lactococcus is phylogenetically very closely related to the genus Streptococcus (40) . It is therefore not surprising that L. lactis DNA was detected by the Streptococcus-specific PCR assay. Indeed, analysis of the primer binding sites for this species revealed that there was no mismatch in the Str1 primer and only one at the ninth nucleotide of the 3Ј end for the Str2 primer. Phylogenetic analysis of tuf sequences from different lactococcal species confirmed that they form a distinct phylum closely related to streptococci (data not shown).
Analysis of tuf sequences from a variety of streptococci and lactococci revealed that only one copy of tuf is present in their genome. The nonspecific amplification of E. durans by the Streptococcus-specific PCR assay can be explained by the finding that E. durans and some closely related enterococcal species carry two divergent tuf genes, one of which shares a common ancestor with the tuf gene of streptococci and lactococci (24) . Indeed, it is the horizontally transferred tufB gene of E. durans that was amplified by the Streptococcus-specific PCR-based assay. However, no other enterococcal tufB genes were amplified by this assay.
The 153 clinical isolates representing a variety of streptococci which were obtained from the Quebec City region were all detected by our assay except for one S. bovis strain which was not amplified. The two other clinical strains of S. bovis as well as the reference S. bovis strain ATCC 33317 were amplified efficiently. The nondetectable S. bovis strain was of biotype II. S. bovis of this biotype has been shown to be more genetically polymorphic and frequently associated with animal hosts (13, 43, 45) . Sequence data for this S. bovis strain revealed the presence of a single mismatch at the 3Ј end (first nucleotide) of the Streptococcus-specific primer Str1 which probably explains the absence of PCR amplification.
S. oralis and S. mitis are phylogenetically very closely related to S. pneumoniae (22) . These three species form well-supported distinct groups in tuf phylogeny but not with 16S rDNA phylogeny, where S. mitis is present in two different branches (Fig. 1) . The findings with 16S rDNA phylogeny regarding S. mitis are consistent with previous studies showing that the genes coding for the streptococcal pneumolysin (ply), autolysin (lytA), and superoxide dismutase (sodA) are more polymorphic in S. mitis (23, 46) . The genetic heterogeneity of S. mitis may be associated with the horizontal transfer of genes between streptococci (9, 20, 29) . The present study also revealed a very low intraspecies tuf sequence divergence in S. pneumoniae (0 to 0.3% for 8 strains). The homogeneity of tuf sequences observed in S. pneumoniae could be explained by the clonal spread of a limited number of variants of this bacterial pathogen (9, 11) . Sequence analysis of the 761-bp portion of tuf revealed that sequence variations between S. oralis, S. mitis, and S. pneumoniae ranged from 1.3 to 2.9% (Table 3 ) compared to 0.3 to 0.6% for the 1,260-bp portion of 16S rDNA (data not shown). Hence, the higher level of sequence variations in tuf compared to 16S rDNA for these very closely related species provides more potential for the development of primers and probes allowing them to be distinguished. These three species can also be distinguished by using less-conserved genes like ddl (coding for D-alanine-D-alanine ligase), lytA, and sodA (16, 17, 23, 38) .
According to our tuf sequence data for the 153-bp amplicon sequences, species-specific sequence variations are present for all streptococcal species except for S. pyogenes and S. dysgalactiae, for which the tuf amplicon sequences are identical. However, other regions of tuf may be appropriate to distinguish these two species, as suggested by the 1.4% divergence in their sequences for the 761-bp tuf portion. Surprisingly, the 16S rDNA sequences for S. pyogenes and S. dysgalactiae revealed a significantly higher level of divergence (i.e., 3.2%). Consequently, S. dysgalactiae branched together with S. agalactiae according to 16S rDNA phylogeny while it appeared to be more related to S. pyogenes on the basis of tuf phylogeny (Table 4 and Fig.  1 ). Phylogenetic studies performed with sodA, groEL, atpD (data not shown), and rnpB (42) support this relationship between S. dysgalactiae and S. pyogenes.
The comparison of tuf and 16S rDNA phylogenetic trees revealed differences in branching topologies and clustering for some streptococcal species. For S. criceti, S. cristatus, S. mutans, S. ratti, S. sanguinis, and S. uberis, the clustering differences for these species could be explained by the lower resolution of the 16S rDNA phylogenetic tree. In the case of S. dysgalactiae, S ferus, and S. suis, apparent discrepancies between the phylogenetic trees are not statistically well supported. It is possible that these differences are associated with different evolutionary rates for tuf and 16S rDNA. It can also be linked to the heterogeneity of 16S rDNA operons in bacteria. Indeed, it has been reported that phylogenetic studies are severely limited by 16S rDNA heterogeneity and that analysis of distinct rRNA operons within the same microbial strain may lead to different results (5, 7, 36) . Finally, for S. suis and S. mitis, differential branching could be the result of previously reported greater genetic variation within these two species (4, 13, 23, 43, 46) . Phylogenetic analysis using either tuf or 16S rDNA sequences revealed that three clinically important streptococcal phenotypic species groups (i.e., mitis, pyogenes, and mutans) are composed of three to five phylogenetic clusters and that the groups anginosus and salivarius were monophyletic. This suggests that the mitis, pyogenes, and mutans groups are much more genetically heterogeneous than the anginosus and salivarius groups. It also indicates that the standard streptococcal species grouping, which is based on physiological and biochemical characteristics determined by conventional methods, does not correlate well with the level of genetic diversity within each group.
Phylogenetic analysis of multiple strains of the same streptococcal species revealed that the level of intraspecies tuf sequence variations depends on the streptococcal species. We analyzed the 761-bp tuf sequences from a total of six to eight strains for each of the three most clinically important streptococcal species (i.e., S. pyogenes, S. pneumoniae, and S. agalactiae). This analysis clearly demonstrated that S. pyogenes has more polymorphisms (intraspecies variation of 0.1 to 3.5%) than S. pneumoniae and S. agalactiae (intraspecies variation of 0 to 0.3% and 0 to 0.4%, respectively). By contrast, analysis of 16S rDNA sequences suggests that S. pyogenes has slightly fewer intraspecies sequence variations than S. agalactiae or S. pneumoniae (0 to 0.2% versus 0 to 0.5%). These observations indicate that evolutionary rates for these two genes involved in different components of the protein synthesis machinery may differ for streptococcal species.
In conclusion, we have performed an extensive sequence analysis of streptococci showing that tuf generally offers a better discrimination power than 16S rDNA to distinguish streptococcal species. tuf and 16S rDNA phylogenetic trees were generally in agreement, although different clustering of some closely related streptococcal species was observed. However, these phylogenetic clusters revealed that classical streptococcal phenotypic groups may comprise different genetic subgroups. We have used tuf sequences to develop a PCR-based approach for the detection of streptococci. Future developments will seek to combine this genus-specific assay with detection of species-specific tuf sequence polymorphisms by using internal hybridization probes to provide a molecular diagnostic tool for rapid and accurate diagnosis of streptococcal infections.
